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Our earlier work showed that SERT is responsible for 5-HT-promoted PASMC proliferation through active transport of 5-HT intracellularly accompanied by tyrosine phosphorylation of GTPase-activating protein, the formation of reactive oxygen species, and activation of Erk MAPK (25) (26) (27) . Our subsequent work suggested that SERT cooperates with 5-HT receptors (5-HTRs) in the production of 5-HT-induced PASMC proliferation via the small G protein Rho, Erk, and PI3K/Akt (33, 35) . A study by Guignabert et al. (14) using SM22-SERT mice (transgenic mice with SERT overexpression occurring selectively in SMCs) indicates that vascular SERT protein overexpression per se is sufficient to induce PASMC hyperplasia and subsequent development of PH despite the absence of associated changes in 5-HT bioavailability and of other stimuli like hypoxia, raising the challenging possibility that, in addition to its role in 5-HT signaling, SERT may also participate in coregulation by other mitogens of PASMC proliferation. We found earlier that SERT participates in a synergistic growth-stimulatory effect of 5-HT with other growth factors including platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and epidermal growth factor (EGF) in bovine PASMCs (BPASMCs) (28) . Later, Eddahibi and colleagues (8, 10) also showed a comitogenic effect of 5-HT with PDGF requiring 5-HT internalization by the high-affinity SERT in both rat and human PASMCs (RPASMCs and HPASMCs, respectively). The underlying mechanisms that create this association between SERT and the PDGF receptor remain unexplored.
PDGFs have been studied extensively as prototypes for cellular growth factors. This family of growth factors consists of four gene products forming five homo-or heterodimeric isoforms: PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC, and PDGF-DD, which bind to and activate three dimeric combinations of two structurally similar receptor tyrosine kinases (RTKs), PDGF receptors ␣ and ␤ (PDGFR␣ and PDGFR␤). Upon binding a dimeric PDGF molecule, PDGFR undergoes dimerization and autophosphorylation of tyrosine residues, which in turn triggers multiple intracellular signaling pathways that relay the receptor's signal to appropriate cellular targets. Phosphorylation of the conserved tyrosine residue in the kinase domain (Tyr-849 of PDGFR␣ and Tyr-857 of PDGFR␤) increases catalytic activity of the kinases, whereas autophosphorylation of tyrosine residues outside the kinase domain creates docking sites for downstream signal transduction proteins containing phosphotyrosine recognition modules such as Src homology 2 (SH2), SH3, phosphotyrosine binding, pleckstrin homology, and postsynaptic density-95/discs large/zona occludens-1 (PDZ) domains. Signaling is modulated both positively and negatively extracellularly through interaction with matrix molecules and intracellularly through cross talk with different signaling pathways (see reviews in Refs. 1, 17, 41) .
PDGFB/PDGFR␤ signaling plays crucial roles in the developing vasculature and vascular disease. The PDGFR␤ has a unique signaling capacity for vascular smooth muscle cells (VSMCs) that the PDGFR␣ does not possess as indicated by multiple abnormalities occurring in VSMC development and function when the PDGFR␣ cytoplasmic domain is placed in the context of the PDGFR␤ (24, 48) . Mice deficient for PDGFB or PDGFR␤ die perinatally and exhibit cardiovascular, renal, and hematological defects (30, 47) , which attribute to failed recruitment of specialized VSMCs to developing capillaries in the kidney (mesangial cells) (47) and in the brain (pericytes) (32) . Overactivities of PDGFB/PDGFR␤ signaling are strongly implicated in the pathogenesis of PAH in patients and animal models by initiating and maintaining underlying pulmonary vascular remodeling (2, 22, 42) . Inhibition of PDGFR signaling by the tyrosine kinase inhibitor imatinib mesylate has been reported to reverse PAH in animal models and to improve the clinical course of selected patients with severe PAH, and a phase III study of imatinib is in progress (6, 13, 40, 45, 49) . The possible interaction of PDGFB/PDGFR␤ signaling and 5-HT signaling in PAH is currently unknown. We recently demonstrated that 5-HT produces tyrosine phosphorylation of the PDGFR␤ through SERT and in initial experiments showed binding of SERT to PDGFR␤ upon stimulation with 5-HT (34) . More recently, other growth factors like FGF have also been shown to enhance tyrosine phosphorylation of the PDGFR␣ (29) . Recent advances indicate that PDGFR␤ utilizes G protein-coupled receptor (GPCR) signaling molecules such as sphingosine-1-phosphate receptor EDG-1 (18) and G protein G␣ 13 (46) to transduce signals and that PDGF can transactivate GPCRs, which represent a novel mechanism for cross-communication between RTKs and GPCRs, producing an integration of stimuli that a cell receives under varying physiological conditions.
From the aforementioned evidence, we hypothesize that interactions may exist for SERT with PDGFR in PDGF signaling and the production of PASMC proliferation in PAH. In the present experiments we show for the first time that genetic or pharmacological targeting of SERT attenuates PDGF-BB signaling and proliferation in PASMCs and that PDGFR␤ binds SERT upon its activation by PDGF-BB, suggestive of cross talk between SERT and PDGFR␤ in the production of PASMC proliferation triggered by PDGF-BB that may be important in PAH.
EXPERIMENTAL PROCEDURES
Animal use. SERT Ϫ/Ϫ rats [SERT knockout (KO), generated by Dr. Edwin Cuppen and colleagues using N-ethyl-N-nitrosourea-driven target-selected mutagenesis (19) ] and the cognate wild type (WT) obtained from GenOway were used as a source of pulmonary artery cells. All animal protocols and procedures were approved by the Institutional Animal Care and Use Committee in accordance with the Guide for the Care and Use of Laboratory Animals.
Cell line and primary cell culture. Primary BPASMCs and RPASMCs were isolated by a modification of the method of Ross, as previously described (28) . BPASMCs were cultured in RPMI 1640 medium, containing 10% fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA), 1% penicillin, and 0.5% streptomycin, and used from passages 3-5 in our study. Primary HPASMCs (Clonetics, Walkersville, MD) were cultured in the same medium and used from passages 5-9. RPASMCs (used from passages 3-5) and HEK293 cells (American Type Culture Collection, Manassas, VA) were cultured in DMEM containing 10% FBS, 1% penicillin, and 0.5% streptomycin. Cells were maintained in a humidified 37°C incubator with 5% CO2.
[ 3 H]thymidine incorporation. A [ 3 H]thymidine incorporation assay was performed to assess DNA synthesis. PASMCs seeded in 96-well plates were growth-arrested for 48 h in medium containing 0.1% FBS (for BPASMCs) or 0.2% FBS (for HPASMCs). Cells were pretreated with indicated inhibitors individually or in varying combinations for 30 -60 min depending on inhibitors, followed by incubation with or without 10 ng/ml PDGF-BB (in the following text, figures, and figure legends, PDGF used in our experiments is referred to PDGF-BB) in the same medium and then labeled with 20 Ci/ml [methyl-
3 H]thymidine (New England Nuclear, Boston, MA) for a total of 24 h. After labeling, experiments were terminated by aspiration of medium, and the cells were harvested onto unifilter-96-well microplates (Perkin Elmer Life Sciences, Boston, MA) by use of a Tomtec harvester (Tomtec, Hamden, CT). Radioactivity was counted in a liquid microplate scintillation counter (Top CountTM from PACKARD Instrument).
siRNA transfection. Human PASMCs were plated the day before transfection to reach 60 -80% confluence the next day in medium containing 10% serum without antibiotics. The small interfering RNA (siRNA) transfections were performed by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in Opti-MEM according to the manufacturer's protocol. Transfections of SERT siRNA, Akt siRNA, or nontargeting siRNA were carried out in 96-well plates or 6-well plates with a final siRNA concentration of 60 nM. For cell proliferation experiments, cells were starved with 0.2% FBS medium for 24 h after overnight transfection, then treated with 20 ng/ml PDGF-BB for 24 h, and examined by the [ 3 H]thymidine incorporation assay noted above. Gene silencing was monitored at the protein level by Western blotting of cell lysates collected 48 h following transfection.
Plasmid DNA transfection. HEK293 cells were transiently transfected with pcDNA3.1(Ϫ) (Invitrogen) or pEYFP/SERT or pEYFP/ SERT-NAE (a mutant of SERT PDZ-binding motif with COOHterminal valine mutated into glutamate) or pLXSN/PDGFR␤ constructs (kindly provided by Drs. Joël Bockaert, Philippe Marin, Michael Freissmuth, Andrius Kazlauskas, and Vijaya Ramesh; see ACKNOWLEDGMENTS) by using Lipofectamine 2000 according to the manufacturer's instructions. Experiments were carried out 48 h after transfection.
Western blotting. The indicated treatments of cells were carried out at 37°C in serum-starved medium, as described in the figure legends. Following the treatment, the cells were rinsed with ice-cold PBS and then were lysed with solubilization buffer A (20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 50 mM NaF, 1 mM Na3VO4, 1 mM ␤-glycerophosphate, 1 mM EDTA, 1 mM EGTA, protease inhibitor cocktail, and phosphatase inhibitor cocktail), or buffer B (2 ϫ Laemmli sample buffer) or buffer C (50 mmol/l Tris·HCl, pH 7.5, 150 mmol/l NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 50 mM NaF, 1 mM EDTA, protease inhibitor cocktail, and phosphatase inhibitor cocktail). Phosphorylation and total protein expression of Akt, p38, Erk, and PDGFR␤ were analyzed by using phospho-site and total protein antibodies. Immunoreactive bands were bonded with horseradish peroxidase-conjugated secondary antibodies and subsequently visualized by use of an ECL Chemiluminescent Western Blotting Detection kit (Pierce, Rockford, IL). Quantification of bands was done by gel densitometry with UN-SCAN-IT gel automatic digitizing system software (Silk Scientific, Orem, UT), and protein phosphorylation was normalized for total protein band densitometry.
Coimmunoprecipitation. Total cell lysates (700 -1,000 g protein) were prepared from HPASMCs solubilized in buffer A noted above. The extracts were clarified by centrifugation and the protein concentrations were determined by Bradford assay. Equal amounts of cell lysates were incubated with 1 g of SERT antibody on a rotator at 4°C overnight, then 20 l of Protein G Plus Agarose (Thermo Scientific Pierce, Rockford, IL) were added, and the incubation continued for another 4 h. The immunoprecipitates were washed three times in the solubilization buffer, heated in 40 l of 2ϫ Laemmli sample buffer, separated with use of 7.5% SDS-PAGE gels, transferred to polyvinylidene fluoride membrane (Millipore, Billerica, MA), and probed with PDGFR␤ and SERT antibodies. The immune complexes were detected by the ECL-Plus chemiluminescent system (Amersham Pharmacia Biotech, Piscataway, NJ). In the reverse experiment, SERT was detected with SERT antibody in the precipitate when PDGFR␤ was precipitated with 15 l of PDGFR␤ antibody agarose conjugate.
Antibodies and reagents. 5-HT, imipramine, paroxetine, fluoxetine, citalopram, GR55562 (Tocris), ketanserin, and smooth muscle-specific ␣-actin antibody were purchased from Sigma Chemical (St. Louis, MO). Imatinib was from Novartis Pharmaceutical (Basel, Switzerland). AG1296 and SB203580 were from Calbiochem (La Jolla, CA ) , anti-green fluorescent protein (GFP) (rabbit) antibodies, and Akt siRNA were from Cell Signaling Technology (Beverly, MA). Antibodies of SERT (goat), PDGFR␤ (P-20), PDGF-BB, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and GFP (mouse) were from Santa Cruz Biotechnology (San Diego, CA). PDGFR␤ and SERT (rabbit) antibodies were from Millipore (Upstate Biotechnology, Lake Placid, NY and Chemicon International, Temecula, CA, respectively). Recombinant human PDGF-BB was from R&D Systems (Minneapolis, MN). Nontargeting siRNA and ON-TARGETplus SMARTpool siRNA for human SERT were from Thermo Scientific Dharmacon (Lafayette, CO).
Statistical analysis. Means Ϯ SD were calculated and statistically significant differences among groups were determined by one-way ANOVA analysis followed by post hoc comparisons, or by two-tailed unpaired Student's t-test between two groups as appropriate, with significance at P Ͻ 0.05.
RESULTS

Genetic or pharmacological targeting of SERT attenuates PDGF-induced PASMC proliferation.
To initiate studies of possible interaction between SERT and PDGFR, we explored the role of SERT in PDGF-BB-induced DNA synthesis with pharmacological antagonists of SERT and PDGFR individually or in varying combinations at different concentrations in both primary BPASMCs and HPASMCs. We used four structurally dissimilar SERT antagonists (fluoxetine, imipramine, paroxetine, and citalopram), i.e., one tricyclic antidepressant (TCA) and three serotonin-selective reuptake inhibitors (SSRIs). We also used PDGFR inhibitors (AG1296 and imatinib) and antagonists of 5-HTR1B (GR55562) and 5-HTR2A (ketanserin). As illustrated in Fig. 1 , the tested TCA and SSRIs inhibited PDGF-stimulated PASMC proliferation in a dose-dependent manner with comparable efficacy to that of AG1296 and imatinib, whereas GR55562 or ketanserin had no effect; combinations of different concentrations of SERT/PDGFR inhibitors led to significantly more pronounced inhibition of PDGFactivated cell proliferation than single drug application alone. Since higher concentrations of inhibitors like 50 M fluoxetine and 30 M paroxetine were found to be toxic to cells, we used lower concentrations of these reagents in subsequent experiments.
For more specific assessments of these observations than might be provided by inhibitors alone we tested genetic ablation of SERT via siRNA knockdown of SERT. We used HPASMCs and siRNA, and observed that PDGF-induced HPASMC proliferation was attenuated by siRNA downregulation of SERT (Fig. 2) . From these studies we conclude that SERT participates in PDGF-stimulated PASMC proliferation.
SERT participates in PDGF-induced phosphorylation of Akt and p38 but not Erk MAPK in PASMC. With the recognition that SERT participates in the effect of PDGF on PASMC proliferation, we began to explore possible cellular signaling pathways that might be associated with this effect. It is well documented that PI3K/Akt pathway is required for PDGF mitogenesis (11, 12, 17, 51 ). Thus we initially tested the effect of SERT inhibitors on activation of Akt by PDGF-BB in both HPASMCs and BPASMCs. Despite having no effect of their own on PDGF-induced activation of Akt, SERT antagonists augmented the inhibitory effect of PDGFR inhibitors on Akt phosphorylation by PDGF (Fig. 3A) . This synergistic effect may also reflect cooperation of PDGFR and SERT signaling (e.g., see Fig. 1C ). To determine whether in our cell system Akt pathway could be engaged in the stimulation of cell proliferation by PDGF, we treated HPASMCs with Akt siRNA and found an inhibitory effect on PDGF-induced DNA synthesis in Akt knockdown cells (Fig. 3B) . We also used LY294002, a PI3K inhibitor, and observed a dose-dependent diminution in cell proliferation by PDGF in both cell types (Fig. 3C) , confirming that the PDGF-induced PI3K/Akt pathway participates in cell proliferation in our cell system. Next, we examined the effect of SERT inhibition on activation of Erk MAPK by PDGF, another principal signaling pathway responsible for PDGF-stimulated cell proliferation (17) . No significant inhibitory effect was observed either by SERT inhibitors alone or in combination with PDGFR inhibitors in HPASMCs and BPASMCs (data not shown). However, we found that the PDGF-induced p38 MAPK phosphorylation was diminished by both SERT inhibitors and PDGFR inhibitors in these two types of cells (Fig. 4A) , suggesting that SERT may be involved in PDGF-induced p38 MAPK activation and the consequent PASMC proliferation. To define the contribution of the p38 pathway in PASMC proliferation by PDGF, we used SB203580, a specific inhibitor of the p38 pathway, and found SB203580 dose dependently blocked PDGF-induced DNA synthesis in both PASMCs (Fig. 4B) .
SERT ablation/inhibition partially blocks PDGFR␤ phosphorylation by PDGF. The influence of SERT on PDGF signaling prompted us to further access whether activation of the PDGFR by PDGF, an initial event for PDGF signaling, was affected by SERT. To address this question, we used SERT inhibitors and PASMCs from SERT Ϫ/Ϫ rats. Pretreatment of HPASMCs and BPASMCs with SERT inhibitors fluoxetine and imipramine followed by PDGF-BB stimulation, resulted in a partial blockade of PDGFR␤ phosphorylation (at Tyr751, docking site for PI3K binding; Ref. 23 ), as did inhibitors of the PDGFR (imatinib and AG 1296), which almost completely blocked the effect (Fig. 5A) . Comparison of PDGFR␤ signaling in SERT Ϫ/Ϫ RPASMCs with that in cognate WT RPASMCs also showed that SERT ablation partially blocks PDGFR␤ phosphorylation induced by PDGF (Fig. 5B) . Thus our results indicate that SERT partially participates in PDGFinduced PDGFR␤ phosphorylation.
SERT and PDGFR␤ are physically associated by PDGF.
Our evidence of the functional relationship between PDGFR and SERT led us to question whether a physical interaction occurs between these two cell surface molecules when PDGFR is activated by PDGF. Therefore, we conducted experiments employing a reciprocal coimmunoprecipitation method from extracts of HPASMCs treated with or without PDGF-BB. Using a polyclonal PDGFR␤ antibody to immunoprecipitate PDGFR␤, we detected immunoreactive bands of SERT in cells with PDGF treatment. Here, we used 5-HT treatment as a positive control that was demonstrated in our previous study (34) . Similar results were obtained in reciprocal experiments with pulldown of SERT and detection of the associated PDGFR␤ (Fig. 6A) . Our data show that SERT binds with phosphorylated PDGFR␤ in a complex upon stimulation with PDGF, suggesting that SERT and PDGFR␤ form a signaling platform that might function as a unit to promote PDGF signaling and cell proliferation. We did not observe a direct interaction of PDGF-BB with SERT in our separate immunoprecipitation experiments (Fig. 6B) , also suggesting that the interaction occurs between the receptors. Since these observations occurred under serum-starvation conditions without added exogenous 5-HT, we suspect that SERT as a protein independent of 5-HT is important for its functional and physical interaction with PDGFR␤ triggered by PDGF. Also, since 5-HT stimulation can induce SERT-PDGFR␤ binding (34) (Fig. 6A) and 5-HT inter- We wished to determine whether the SERT PDZ motif participates in the functional interactions between SERT and PDGFR␤. Therefore, using a construct overexpression approach, we extended our experiments to HEK293 cells, which have very low endogenous SERT expression but express the PDGFR endogenously to permit studies of PDGF signaling (52) . For these experiments constructs of empty vector (EV), SERT wild type (SERT WT), and SERT PDZ mutant (SERT NAE) were transfected into the HEK293 cells and phosphorylation of Akt by PDGF was determined. As shown in Fig. 7 , PDGF time dependently stimulated Akt phosphorylation in the HEK293-transfected cells. The phosphorylation of Akt was weak in EV cells, enhanced in WT cells, and blunted in NAE cells. Consistently, the SERT inhibitor imipramine blocked the Akt phosphorylation in all the three transfectants. Thus our results indicate that exogenous SERT is required for the PDGF-induced Akt phosphorylation, and the SERT NAE attenuates this Akt phosphorylation. The expression of the transiently transfected SERT (WT and NAE) constructs was confirmed by probing a Western blot of the anti-GFP (rabbit) immunoprecipitated with anti-GFP (mouse) antibody. Fig. 4 . SERT participates in p38 MAPK pathway in PDGF-induced PASMC proliferation. A: PDGF-induced p38 phosphorylation is attenuated by SERT and PDGFR inhibitors. Quiescent HPASMCs and BPASMCs were treated with 10 ng/ml PDGF for 5 min in the absence or presence of 10 M fluoxetine, 10 M imipramine, 1 M imatinib, or 10 M AG1296. Phosphorylation of p38 was examined by immunoblotting using a phospho-specific antibody, quantified as the ratios of phospho-p38 and p38, and expressed as percentage of PDGF alone (as noted for BPASMCs in boxes below blots). Bar graphs represent means Ϯ SD for 3 separate experiments in HPASMCs. B: P38 inhibitor SB203580 attenuates PDGF-induced DNA synthesis in a dose-dependent manner. Quiescent HPASMCs and BPASMCs were pretreated with SB203580 (1 or 10 M) for 30 min and then stimulated with 10 ng/ml PDGF for 24 h. Shown are means Ϯ SD for n ϭ 3. *Significant difference from untreated cells (P Ͻ 0.05). #Significant difference from cells treated with PDGF alone at P Ͻ 0.05. Ϫ/Ϫ and cognate wild-type (WT) rat PASMCs (RPASMCs) were treated with 10 ng/ml PDGF for the indicated time, and phosphorylation of PDGFR␤ was determined. The expressions of SERT and ␣-smooth muscle actin (␣-SMA) were detected by Western blotting using SERT and ␣-SMA antibody, respectively. Quantification of PDGFR␤ phosphorylation is shown as means Ϯ SD for n ϭ 3 in bar graph. *Significant difference from the correspondingly untreated SERT Ϫ/Ϫ and WT cells at P Ͻ 0.05. #Significant difference from WT cells treated with PDGF at corresponding time at P Ͻ 0.05. "Dimer" noted in Figs. 5 and 6 refers to PDGFR␤, of which the molecular mass is ϳ380 kDa. KO, knockout.
DISCUSSION
Although both SERT and PDGFR␤ are implicated in PAH, prior to our demonstration that SERT transactivates PDGFR␤ in 5-HT-triggered PASMC proliferation (34) no previous studies have addressed a possible relationship between these two cell surface molecules. Here, we show a new role for SERT in cooperating with PDGFR␤ in PDGF-BB signaling and proliferation in PASMCs.
With the use of four structurally dissimilar SERT-specific antagonists and SERT-targeted siRNA, we initially demonstrated the inhibition of PDGF-BB-stimulated proliferation in HPASMCs and BPASMCs and the synergistic/additive inhibition of PASMC proliferation with combinations of SERT and PDGFR inhibitors. These findings strongly indicate that SERT participates in PDGF-BB-triggered PASMC proliferation and that a functional collaboration between SERT and PDGFR is required for effective cellular response to PDGF.
We next explored the impact of SERT on PDGF-BB signaling responsible for PASMC growth. Our results showed that although SERT inhibitors fluoxetine and imipramine did not Fig. 6 . Physical interaction between SERT and PDGFR␤. A: PDGF-dependent association of SERT with PDGFR␤ in PASMC. Quiescent HPASMCs were stimulated with and without 10 ng/ml PDGF or 1 M 5-HT for 10 min. A reciprocal coimmunoprecipitation method was employed followed by immunoblotting to detect the physical association of SERT and PDGFR␤ with PDGF and 5-HT treatment using SERT and PDGFR␤ antibodies. Total GAPDH from whole cell lysates as loading control was detected using the anti-GAPDH antibody. Representative blots are shown. B: PDGF-BB does not bind with SERT directly but rather with PDGFR␤. HEK293 cells were transiently transfected with pcDNA3.1(Ϫ) [empty vector (EV)], pEYFP/SERT, pEYFP/SERT-NAE, or pLXSN/ PDGFR␤ constructs. After 48 h of transfection, cells were lysed and precipitated with green fluorescent protein (GFP) antibody (anti-mouse) and PDGFR␤ antibody, respectively. The immunoprecipitates were then incubated with 50 ng of PDGF-BB, and PDGF-BB binding was determined by immunoblotting with a PDGF-B antibody. Pulldown of SERT and PDGFR␤ were also determined by GFP antibody (anti-rabbit) and PDGFR␤ antibody, respectively. Total GAPDH from whole cell lysates (input) was detected using the anti-GAPDH antibody as loading control. Representative blots are shown. IP, immunoprecipitation; IB, immunoblotting. Fig. 7 . SERT PDZ mutant blunts PDGF-induced Akt phosphorylation in HEK293 cells. HEK293 cells were transiently transfected with EV, SERT WT, or SERT NAE constructs. After 48 h of transfection, cells were serum starved and then stimulated with 10 ng/ml PDGF for the indicated time. All 3 transfectants (EV, WT, NAE) were also pretreated with 10 M imipramine for 30 min and then stimulated with 10 ng/ml PDGF for 10 min. Phosphorylation of Akt was determined by immunoblotting using a phospho-Akt antibody at Thr308. The expression levels of SERT and its NAE mutant were examined by immunoblotting with antibody to GFP. Quantification of Akt phosphorylation from 3 repeat experiments is shown as means Ϯ SD at bottom right. *Significant difference from the correspondingly untreated SERT WT and SERT NAE cells at P Ͻ 0.05. #Significant difference from SERT WT cells treated with PDGF for 10 min at P Ͻ 0.05.
influence Akt phosphorylation by PDGF they markedly augmented the inhibitory effect of PDGFR inhibitors, AG1296 and imatinib, on the Akt phosphorylation. Conversely, HEK293 cells overexpressing SERT exhibited enhanced Akt phosphorylation by PDGF. These data suggest that SERT may participate in PDGF-induced Akt activation, subsequently regulating proproliferative and/or prosurvival gene expression and ultimately driving cell growth in PASMCs. Interestingly, even with coapplications SERT and PDGFR inhibitors failed to completely block Akt phosphorylation by PDGF in our PASMCs; however, SERT blockers (10 M fluoxetine and 10 M imipramine) partially and PDGFR inhibitors (1 M imatinib and 10 M AG1296) almost completely blocked the phosphorylation of the PDGFR␤ at Tyr751 at their tested concentrations. Consistent with our results, Li et al. (31) also observed that 1 M imatinib slightly inhibited Akt phosphorylation whereas it completely blocked PDGFR␤ phosphorylation by PDGF in human aortic SMCs. As possible explanations for these observations in SMCs, we hypothesize the following: 1) Both the ␣ and ␤ subunits of PDGFR transduce Akt activation signals with similar binding affinity with PDGF (12, 16) although with a higher expression of PDGFR␤ in SMCs (1), but with no or less influence of SERT on the PDGFR␣. Further studies will be needed to determine whether there is any relationship between SERT and PDGFR␣ as in the present study we focused on PDGFR␤. Less likely, the portion of activated PDGFR␤ not affected by SERT inhibitors is sufficient to activate the PI3K/Akt pathway. 2) In addition to SERT, Akt full activation by PDGF may require the contribution of other modulators or signaling pathways. 3) PDGF may stimulate synergistic cross talk between the PI3K/Akt pathway and other proproliferative pathways, such as Ras/MAPK cascade (20, 43) and Rho family GTPase (53), which in turn amplify the PI3K/Akt activation downstream of PDGFR. In any case, our results suggest that SERT and PDGFR␤ cooperatively influence Akt activation, consequently coregulating PDGFtriggered proliferation in the PASMCs. Since the data suggest that the Akt pathway may not be solely responsible for PDGFinduced PASMC proliferation, we thus determined whether SERT could impact the PDGF-BB-stimulated MAPK pathway. Although inhibition of SERT failed to block Erk activation, fluoxetine and imipramine significantly diminished p38 phosphorylation, suggesting a role for SERT in the activation of p38 but not Erk MAPK by PDGF. Since the p38 pathway is required for PDGF-induced DNA synthesis [by this study in both HPASMCs and BPASMCs and by Nègre-Aminou et al. (39) in human SMCs], the impact of SERT on PDGF-mediated p38 phosphorylation may be responsible for the role of SERT in PDGF-induced cell proliferation. Together, our results indicate that the inhibition of PDGF-induced proliferation by SERT inhibition may be caused by attenuation of PDGFR␤ phosphorylation, sequentially and/or in parallel, resulting in downregulation of the PDGFR␤-mediated PI3K/Akt and p38 signaling pathways.
In support of the cell proliferative and cellular signaling relationships between SERT and PDGFR␤, we also have found a physical association of SERT and PDGFR␤ following PDGF stimulation. The nature of this association is unknown at the present time. The binding could be assisted by another protein such as a scaffold, anchoring, or adaptor protein. One good candidate for this action could be the PDZ domain containing proteins that link SERT to PDGFR␤ in a complex via their multiple PDZ domains binding to the PDZ recognition motifs of PDGFR␤ and SERT, respectively, as exemplified by Na ϩ /H ϩ exchanger regulatory factor linking the N-cadherin/ catenin complex to the PDGFR␤ via its two PDZ domains (50) . Our data show that a mutant of the SERT PDZ-binding motif blunted PDGF-BB signaling in HEK293 cells. Another candidate could be Src, which has well-documented binding with phosphorylated PDGFR via its SH2 domain (17) and has been shown to be associated with SERT in a complex by coimmunoprecipitation in human platelets; this action upregulates 5-HT transport by mediating SERT Tyr-phosphorylation (54) . The SERT/PDGFR␤ association could also be mediated by reported integrins (4, 55) .
In summary, we know from the present studies that previously unidentified relationships exist between SERT and the PDGFR␤ in PASMCs and that these relationships participate in PDGF-BB-and 5-HT-induced PASMC proliferation, which are outlined in Fig. 8 . There also is a physical interaction between these two cell surface molecules. The physical association of SERT and PDGFR␤ by PDGF stimulation suggests that SERT may serve as a modulator facilitating transmission of signaling from PDGFR to its associated signaling molecules, and that the activated PDGFR␤ in turn enhances SERT activity of 5-HT internalization, and thereby subsequent PASMC processes. The cell signaling interaction is not a simple linear and sequential one. These findings are of potential clinical interest and may provide new insight into the pathogenesis of PAH. The relationship of the PDGF/PDGFR and 5-HT/SERT signaling may have further significance as both may need to be inhibited in the regulation of PAH. Also, these findings have prompted us to further pursue studies of any relationship between SERT and other growth factors such Fig. 8 . Proposed model of interactions between SERT and PDGFR␤ in the regulation of PASMC proliferation in pulmonary arterial hypertension (PAH). SERT transactivates PDGFR␤ in the production of PASMC proliferation by 5-HT (our previous study) (34) , and SERT participates in PDGF-BB signaling and mitogenesis (this study). The 2 smooth muscle cell surface molecules are physically associated by 5-HT and PDGF, and their association facilitates signal transduction to promote cell proliferation, consequently triggering PAH. Circled p denotes phosphorylated PDGFR.
as EGF and FGF that may be associated with smooth muscle proliferation and PAH.
